Objectives: Suppressive antiretroviral therapy (ART) substantially decreases HIV transmission in clinical research settings. We sought to measure the frequency and correlates of periods of transmission risk among individuals taking ART during multiple years of observation in rural, southwestern Uganda.
Background
Observational studies [1, 2] , clinical trials [3] , mathematical models [4] , and population studies [5] have demonstrated decreased transmission risk among people living with HIV/AIDS (PLWHA) taking suppressive antiretroviral therapy (ART). Because transmission risk approaches zero when viral detection is below 400 copies/ml [1, 3] , sexual transmission is theoretically limited to sexual exposures between sero-discordant partners when the HIV-positive partner is actively viremic. Yet, the frequency and correlates of these events at the individual-level during long-term ART are poorly characterized. To address this question, we analyzed data from a cohort of PLWHA initiating ART in rural Uganda to estimate the frequency and correlates of simultaneous viremia and sexual transmission risk behavior. Our goal was to measure the potential impact and durability of ART to mitigate transmission risk for PLWHA on long-term treatment in an HIV-endemic, resource-limited setting.
Methods
Study participants PLWHA initiating ART were enrolled from the public HIV clinic in Mbarara, Uganda into the Uganda AIDS Rural Treatment Outcomes (UARTO) study, an observational, prospective cohort study beginning in 2005 (NCT01596322). The clinic is a PEPFARsupported, government-run center with an active census over 10 000 patients, serving the largely rural, southwestern Ugandan region. Patients are seen at clinical visits every 1-3 months and are offered free ART, opportunistic infection medications, basic laboratory testing and counseling services. Data for the study were collected on separate days from clinical visits by trained research staff in private rooms apart from the HIV clinic. At baseline and every 3 months, we collected blood for CD4 þ T-lymphocyte count and HIV-1 RNA viral load determinations, and we conducted structured interviews to collect data on sexual activity, partner serostatus, and condom use during the past 90 days. We defined each 90-day visit as a potential transmission period if HIV-1 RNA was more than 400 copies/ml and the participant reported sexual transmission risk behavior, defined as unprotected sexual contact with at least one HIVuninfected partners or partners of unknown serostatus in the prior 90 days. We also collected data on demographic and economic characteristics (household size, marital status, educational attainment, household asset ownership [6] , food insecurity [7] , and travel time to clinic), clinical characteristics (self-reported opportunistic infections, depression symptom severity using a modified version of the Hopkins Symptom Checklist depression subscale [8] , and self-reported hospitalization within the past 90 days), and socio-behavioral characteristics (hazardous drinking as defined by a positive screen on the three-item consumption subset of the Alcohol Use Disorders Identification Test (AUDIT-C) [9] , and internalized stigma using the Internalized AIDS-Related Stigma Scale [10] ).
Ethics statement
All participants gave written informed consent. Study procedures were reviewed and approved by institutional review committees at Partners Healthcare, the University of California at San Francisco, and the Mbarara University of Science and Technology, and the Ugandan National Council of Science and Technology.
Statistical analyses
We measured the frequency of sexual transmission risk behavior, HIV-1 RNA viremia, and the simultaneous occurrence of both (defined as a transmission risk period) at each quarterly observation visit. We fit multivariable logistic regression models using generalized estimating equations to estimate correlates of transmission risk periods. We tabulated the number of persons lost-tofollow-up at each 6-month period after enrollment, and assessed for attrition bias by comparing demographic characteristics of those lost to follow up or disenrolled by 2 years of enrollment to those with 2 or more years of observation time, using Fisher exact tests for categorical variables and Mann-Whitney tests for nonnormally distributed continuous variables. All statistical analyses were performed with Stata 11.2 (Statacorp, College Station, Texas, USA).
Results
Five-hundred and eight participants were enrolled in the UARTO study between June 2005 and June 2011, out of which 463 participants had at least one follow-up visit and were included in these analyses. Included participants were 70% women, with a median age of 34 years (IQR 29 -40), a median enrollment CD4 þ cell count of 136 cells/ml, and a median enrollment viral load of log 10 5.1 copies/ml (Supplementary Table 1 , http:// links.lww.com/QAD/A450). Regimens at the time of initiation were: zidovudine/lamivudine/nevirapine (64%), nevirapine/stavudine/lamivudine (25%), zidovudine/lamivudine/efavirenz (9%), and other (2%).
Out of 508 enrolled participants, 39 (8%) were deceased during follow-up, 69 (14%) were lost-to-follow-up or disenrolled, and 401 (79%) were active in the study at time of censoring. We censored 251 of 6174 (1.0%) visits because data on either viral load or sexual behavior was missing, for a total of 5923 observations in 463 participants contributing at least one study visit (median of 3.5 years of observation time, IQR 2.2-4.2). During follow-up, 259 participants (59%) had either detectable viremia or self-reported sexual transmission risk behavior at least once [136 participants (36%) with detectable viremia and 143 (31%) reported sexual transmission risk behavior]. However, only 23 participants (5% of total cohort, 20 women and three men) had at least one potential transmission period. During a total of 5923 3-month observation periods, we found detectable viremia during 426 periods (7%) and self-reported sexual transmission risk behavior at 454 periods (8%). However, simultaneous viremia and sexual transmission risk behavior were identified at only 28 periods (<0.5%, Fig. 1 ). Detectable viremia was found at 28 (6%) of the 445 visits where risky sexual behavior was reported and viral load data was available.
In multivariable logistic regression models, age [adjusted odds ratio (AOR) 0.9 per each increasing year of age, 95% CI 0.8-0.9], CD4 þ cell count [AOR 0.6 per each increase in 100 cells/ml, 95% CI 0.4-0.9], relative household asset wealth [AOR 0.3, 95% CI 0.1-0.8, for the second through fourth quartiles versus lowest quartile of asset ownership], and internalized stigma [AOR 2.6, 95% CI 1.1-6.3 for each increasing point on the internalized stigma scale] had statistically significant associations with simultaneous viremia and sexual transmission risk behavior (Table 1) . The number of participants lost-to-follow-up or disenrolled was 37 by 6 months, 44 by 1 year, 58 by 2 years, and 67 by 3 years. Compared with participants in the study with more than 2 years of observation time, participants lost-tofollow-up or disenrolled before 2 years were older (median age 35 vs. 30 years, P < 0.001), but there were no other statistically significant differences in baseline characteristics, including proportion who reported sexual transmission risk behavior at the baseline visit (13 vs. 21%, P ¼ 0.10).
Discussion
In this long-term cohort study, we found that provision of ART to PLWHA accessing care at a public HIV clinic in rural, southwestern Uganda durably reduced the risk of HIV transmission over a median of 3.5 years of observation time. Though over half of participants had episodic detectable viremia or reported sexual transmission risk behavior, less than 5% ever experienced them simultaneously. Moreover, during over 5000 quarters of observation time, participants reported sexual transmission risk behavior at approximately 8% of periods but were found with concurrent viremia at only 0.5% of periods. In other words, ART provided a sustained, more than 90% reduction in periods of HIV transmission risk by imparting undetectable viral loads to individuals when risky sexual behavior was reported. Our findings corroborate prior work describing the enormous potential of ART to prevent transmission in HIVendemic, resource-limited settings.
Sexual transmission risk behavior in resource-limited settings has been generally observed to decline after initiation of ART [11] , and studies of HIV sexual transmission risk between discordant couples in Uganda have shown impressive declines in transmission [2, 12] . However, sexual transmission risk behavior has remained elevated in some populations during treatment, including those aware of its efficacy to prevent transmission [13] [14] [15] . Indeed, we found that approximately one in three participants reported at least one episode of sexual transmission risk behavior during a median of 3.5 years of observation time. Further, approximately one in three participants experienced virologic rebound during follow-up. However, unlike other studies in which sexual transmission risk behavior has reportedly occurred at high rates among those who are viremic [16] , we found the co-occurrence of sexual transmission risk behavior and viremia to be exceptionally rare. Moreover, the rate of simultaneous viremia and sexual transmission risk behavior (0.5% of periods of observation) occurred at nearly the rate that would be expected if the two individual events were independent. In sum, although 5-10% of participants had either sexual transmission risk behavior or detectable viremia at each quarterly visit, their co-occurrence was rare (Fig. 1) . These findings suggest that achieving continued reductions in secondary HIV transmission will be feasible, but might be strengthened by interventions to maintain long-term ART adherence.
We identified four factors independently associated with periods of HIV transmission risk: younger age, lower CD4 þ cell count, low household asset ownership and increased internalized stigma. This confluence of factors contributes to a large body of evidence describing the challenges of care delivery and the poor outcomes associated with lower socioeconomic status and stigmatization of PLWHA in resource limited settings. It also reinforces that younger patients, those with advanced disease stage, and those of lower socioeconomic status might be particularly high-yield targets for interventions to improve adherence and foster safer sexual behavior. The association between internalized HIV stigma and sexual transmission risk behavior was consistent with previously reported associations between stigma, serostatus disclosure [17] , and poor ART adherence [18] , and corroborates the notion that interventions to reduce stigma might also have an appreciable impact on HIV transmission.
We recruited patients from a prototypical, PEPFARsupported, publicly operated clinic in rural Uganda, and the findings should be generalized to similar populations. Five important considerations relevant to our study were: participants in the study undergo real-time adherence monitoring with electronic adherence monitors, and thus might be subject to a Hawthorne effect, which would increase adherence levels and decreases rates of viremia; we lack confirmatory data about HIV transmission to sexual partners which would corroborate our assumptions; we assumed that quarterly viral load measurements reflected persistent virologic control in the preceding 3-month period, which may not always be the case; we used self-reported sexual behavior as a primary outcome of interest, which would likely underestimate sexual transmission risk behavior due to social desirability bias [19] . However, given the independent association between viremia and sexual transmission risk behavior, if the rate of reported sexual transmission risk behavior were to double, this would only increase our estimate of potential transmission risk from less than 0.5% of all periods to approximately 1% (and leave our primary conclusions unchanged); and we had relatively rare missing data in that only 251 of 6174 (1%) of visits were missing viral load or sexual behavior data when the other was present, and relatively few participants (67/508, 13%) were lost to follow-up or disenrolled by 3 years of observation time.
Community-based tracking of missing patients at this clinic has demonstrated that approximately one in three transfer care to another HIV facility, while another one in three are found to have died [20] . Thus, few patients who default from care in this setting remain alive and off treatment.
In summary, we found that, although both detec- independently occurred in over half of PLWHA people on treatment, ART reduced periods of potential HIV transmission risk by over 90% in a population of PLWHA in Uganda during up to 6 years of observation time. These findings provide further support for the provision of ART to all PLWHA meeting guidelines to reduce HIV transmission in HIV-endemic settings.
